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To develop improved electrocardiographic criteria of left 
ventricular hypertrophy, individual electrocardio-
graphic voltage measurements were compared with 
echocardiographic left ventricular mass in a "learning 
series" of 414 subjects. The strongest independent re-
lations with left ventricular mass were exhibited by the 
S wave in lead V 3, the R wave in lead a VL and the T 
wave in lead VI (each p < 0.001), and by age and sex. 
Better electrocardiographic detection of left ventricular 
hypertrophy was achieved by new criteria that stratified 
QRS voltage and repolarization findings in sex and age 
subsets. For men, at all ages, left ventricular hypertro-
phy is suggested by QRS voltage alone when the R wave 
in lead a VL and the S wave in lead V 3 total mOre than 
35 mm. When this voltage exceeds 22 mm, left ventric-
ular hypertrophy is suggested in men under age 40 years 
when the T wave in lead V I is positive (2:0 mm), and in 
men 40 years or older when the T wave in lead V I is at 
least 2 mm. For women, at all ages, left ventricular 
hypertrophy is suggested when the R wave in lead a VL 
and the S wave in lead V 3 total more than 25 mm. When 
this voltage exceeds 12 mm; left ventricular hypertrophy 
is suggested in women under 40 when the T wave in lead 
V I is positive (2:0 mm), and in women over 40 when the 
Numerous studies have been done to improve electrocar-
diographic criteria for the diagnosis of left ventricular hy-
pertrophy (1-6). Over the years, the precordial voltage cri-
teria of Sokolow and Lyon (I), the limb lead criteria of 
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T wave in lead VI is 2 mm or greater. Of note, the two 
lead QRS voltage criteria for men and women differ by 
10 mm (1 mV) with identical age stratification and re-
polarization criteria. 
Prospective validation of these criteria in an inde-
pendent "test" series of 129 additional subjects revealed 
superior sensitivity (49%), specificity (93%) and overall 
accuracy (76%), compared with standard electrocardio-
graphic criteria (Romhilt-Estes point score and Sokolow-
Lyon voltage). A multiple logistic regression equation, 
developed in the learning series using the same variables, 
achieved a sensitivity of 51 %, specificity of 90% and 
overall accuracy of 76% in the test series. 
It is concluded that 1) voltages of the S wave in lead 
V 3, R wave in lead a VL and T wave in lead V I convey 
the most independent electrocardiographic information 
about left ventricular hypertrophy; 2) sex and age strat-
ification improves diagnosis of ieft ventricular hypertro-
phy; and 3) criteria based on these observations, as well 
as a logistic regression equation, readily applicable to 
electrocardiographic interpretation by widely available 
microprocessors, can improve recognition of left ven-
tricular hypertrophy by the electrocardiogram. 
(J Am Coil CardioI1985;6:572-80) 
Gubner and Ungerleider (3) and the point score of Romhilt 
and Estes (4,5) have become most widely used. However, 
the accuracy of particular criteria has often been dependent 
on the ptevalence and severity of left ventricular hypertro-
phy in the popUlation iIi which they were developed and, 
accordingly, criteria often fail to perform acceptably when 
tested in populations of different composition (7). The recent 
development of accurate echocardiographic methods for 
measurement of left ventricular mass (8) has made it possible 
to study the relation between electrocardiographic variables 
and left ventricular hypertrophy in representative cIinicai 
popUlations (7,9,10). 
This study was undertaken to evaluate the performance 
of standard electrocardiographic criteria for the diagnosis 
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of left ventricular hypertrophy in a diverse clinical popu-
lation and to develop new criteria that would increase the 
sensitivity of dipgnosing left ventricular hypertrophy by the 
electrocardiogram without losing specificity, This was done 
by studying two independent. sequential series of patients, 
The first group, termed the "learning series," was analyzed 
to determine which voltage and non voltage measurements 
were most closely related to left ventricular hypertrophy. 
Criteria developed from the learning series were then qpplied 
prospectively to the second group, termed the "test series," 
Methods 
Patient population. "Learning series." A total of 459 
consecutive patients were selected from the files of the 
adult echocardiography laboratory of the New York 
Hospital-Cornell Medical Center who had a technically ex-
cellent echocardiogram and electrocardiogram within a mean 
of 4 days of each other and available complete clinical 
records. Patients whose electrocardiogram showed a QRS 
duration of greater than 0.11 second were excluded from 
the study. The remqining 414 patients constitute the study 
population; 175 were men ranging in age from 19 to 88 
(mean 49 ± 18 [SO)) years; 239 were women ranging in 
age from 15 to 87 (mean 47 ± 19) years. Exclusion of 55 
patients with a history of myocardial infarction had no sig-
nificant effect on data analyses; therefore these patients were 
included in the learning series. 
"Test series." An additional 148 patients were collected 
similarly. After excluding patients with a QRS duration 
greater than 0.11 second, 129 patients constituted the study 
group; 57 were men, ranging in age from 16 to 79 years 
(mean 49 ± 17) and 72 were women, ranging in age from 
16 to 79 years (mean 47 ± 17). 
Clinical histories. In both series, cardiac diagnosis was 
established by review of clinical and laboratory data without 
knowledge of echocardiographic or electrocardiographic 
findings (Table I). 
Electrocardiography. Standard 12 or 15 lead electro-
cardiograms were recorded at 25 mmls and 1 mY/cm stand-
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ardization. These were interpreted without knowledge of 
other patient data. The standard criteria used for the electro-
cardiographic diagnosis of left ventricular hypertrophy were 
as follows: I) Sokolow and Lyon (I) precordial voltage 
criteria = Sy, + Ry, or RYh > 35 mm. 2) Romhilt and 
Estes (4,5) point score system. 3) RaYL > II mm (1).4) 
Rl + Sill> 25 mm (3). 
Echocardiography. M-mode echocardiograms were 
performed using standard techniques as previously reported 
from this laboratory (II). Tracings were recorded on Iight-
sensitive paper at 50 mmls paper speed by a SmithKline 
EKO-System 1 echograph with a Honeywell 1856A re-
corder, a Picker Echoview System 80C echograph or an 
Irex System II echograph with 2.25 MHz transducers. Echo-
cardiograms were interpreted without knowledge of clinical 
diagnosis or electrocardiographic findings. 
Left ventricular size was measured at or just below the 
tips of the mitral valve leaflets on areas of the recording 
that showed the largest left ventricular internal dimension 
(12). End-diastolic left ventricular internal dimension (LYID), 
posterior wall thickness (PWT) and interventricular septal 
thickness (IYS) were identified by hand using the previously 
described Penn convention taking the R wave peak as end-
diastole (8). Echocardiographic left ventricular mass (Echo 
L YM) was determined using a regression-corrected cube 
formula: 
Echo L YM = 1.04 (IYS + LVID + PWT)' - (LYID)' 
- 14 g. 
Left ventricular hypertrophy was defined. based on our 
previous studies (13,14), as a left ventricular mass (L YM) 
indexed by body surface area (L YM/BSA) greater than 132 
g/m2 in men and a left ventricular mass index greater than 
109 g/m2 in women. These values represent approximately 
the 98th percentile of left ventricular mass index in each 
sex in two independent normal populations. For the multiple 
linear regression analysis in which sex was incorporated 
into the equation, left ventricular hypertrophy was defined 
as left ventricular mass index greater than 125 g/m2 based 
on the 98th percentile of normal in our entire normal pop-
ulation of both sexes. The same upper limit was previously 
Table 1. Clinical Diagnoses in Learning and Test Series 
Learning Series Test Series 
Diagnosis Men Women Men Women 
Hypertension 36 49 13 14 
Val villar heart disease 36 61 9 10 
Coronary artery disease 27 24 \0 II 
Cardiomyopathy 27 16 7 2 
Pericardial disease 12 14 3 
Mitral valve prolapse 6 21 10 
Miscellaneous 12 3 10 !l 
No clinical heart disease 26 51 6 14 
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reported in an angiographic study of normal men and women 
(15). 
Statistical methods. Computer analysis was conducted 
at the Rockefeller University Computer Center using BMOP 
biomedical computer programs (16). Individual variables 
were examined using a simple linear regression equation. 
Multivariate analysis of the data was by multiple linear 
regression entering variables in a stepwise manner. Vari-
ables are entered or removed from the equation one at a 
time and the order of entry may be specified by the inves-
tigator. Correlation coefficients were determined and sta-
tistical tables were used (17) to determine statistical signif-
icance of results. Various groups were compared by two-
sample t tests with and without the assumption of equality 
of variances, tested by an F test. The means of several 
variables were simultaneously tested for equality between 
two groups by Hotelling's r 2 and Mahalanobis 0 2 . 
After determining the electrocardiographic and clinical 
variables that correlated best with echocardiographicaliy 
determined left ventricular mass, a multiple logistic regres-
sion analysis using the Walker-Duncan interactive method 
of estimation (18) was performed between these factors and 
the left ventricular mass index. This method allows predic-
tion of the 'likelihood of an outcome event, such as death 
in a prospective epidemiologic surveyor anatomic left ven-
tricular hypertrophy in the present study, from measure-
ments of both continuous variables (such as electrocardio-
graphic voltages) and dichotomous variables (such as sex). 
The accuracy of a prediction by the multiple logistic regres-
sion method is determined by comparing the number of 
observed to predicted outcome events in subsets of the pop-
ulation, such as deciles (10% of the entire population), 
which are ranked according to their risk of the event. Ex-
cellent performance of this method will not only yield a 
close correspondence between observed and predicted events 
in each decile, but will also result in a strikingly higher 
prevah:!nce of events (that is, left ventricular hypertrophy) 
in the higher risk deciles than in the lower risk deciles. As 
is further outlined in the Appendix, the risk of an outcome 
event is calculated by use of the following equation: 
Risk = 1/(1 + e - (BO + BIXI ... BkXk)). 
Standard statistical definitions were used for sensitivity, 
specificity, overall accuracy and positive and negative pre-
dictive accuracy (19). 
Results 
Results in Learning Series 
Li~b and precordial lead voltages correlated with left 
ventrictdar mass. The precordial voltage criteria of So-
kolow and Lyon, performed similarly to the Romhilt and 
Estes point score with Sokolow-Lyon voltage sensitivity of 
33% and specificity of 94%, compared with 30 and 93% 
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for a Romhilt-Estes score of 4 or more points. Although 
limb lead voltage criteria had higher specificity (97% for 
R, + Sill > 25 and 98% for RaVL > II) both had an 
unacceptably low sensitivity for left ventricular hypertrophy 
(8 and 7%, respectively). 
The relation of left ventricular mass index to standard 
limb, precordial and orthogonal variables was evaluated by 
linear regression analysis. The S wave in lead V 3 was found 
to correlate best with left ventricular mass index in men 
(r = 0.41, P < 0.001), in women (r = 0.46, P < 0.001) 
and in both sexes combined (r = 0.46, P < 0.001). Stepwise 
linear correlation analysis was then performed to detenlline 
the correlation of additional limb and precordial lead QRS 
voltages with left ventricular mass index, independent of 
the influences of the S wave in lead V 3. The R wave in lead 
a VL was found to correlate best with left ventriclliar mass 
index independent of the S wave in lead V 3 in men (r = 
0.25, P < 0.01), women (r = 0.29, P < 0.01) and in the 
total group (r = 0.27, P < 0.01). 
Sex differences in QRS voltage. Among 92 normal sub-
jects, a highly significant difference in the depth of the S 
wave in lead V3 was found between 28 men (13.2 ± 
8.2 mm) and 64 women (7.0 ± 4.4 mm) (p < 0.001). Less 
striking voltage differences were found for the S wave in 
lead V2 between men (14.1 ± 5.0 mm) and women (Il.2 
± 4.8 mm) (p < 0.01) and for the S wave in lead aVF 
(p < 0.05). 
Generation of new criteria. These findings led to eval-
uation of a new criterion for left ventricular hypertrophy 
based on the sum of the R wave voltage in lead a VL and 
the S wave voltage in lead V 3. Because normal men and 
women differ significantly in the magnitude of these volt-
ages, sex-specific diagnostic values were used. Choosing a 
value of 28 mm for the upper limit for the R wave in lead 
aVL plus the S wave in lead V3 in men, and a value of 20 
mm in women, resulted in sensitivity for left ventricular 
hypertrophy of 41 %, specificity of 90% and accuracy of 
68%. If a single cutoff value of 25 mm was applied to both 
men and women, lower sensitivity (35%) and specificity 
(88%) resulted. 
There was also a significant positive correlation between 
left ventricular mass index and the height of the T wave in 
lead VI (r = 0.42, P < 0.001) as well as an inverse cor-
relation between left ventricular mass index and T wave 
amplitude in lead V6 (r = -0.39, p < 0.001). After di-
viding the group according to sex, significant correlation 
was found in men between the T wave in lead V, (r = 
0.43, P < 0.001), the T wave in lead Vo (r = -0.47, 
P < 0.001) and left ventricular mass index. In women there 
was also good correlation of the T wave in both lead V I 
(r = 0.37, P < 0.001) and lead V6 (r = -0.33, P < 0.001) 
with left ventricular mass index. 
New criteria for left ventricular hypertrophy resulted from 
combining voltage and repolarization findings for known 
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Table 2. New Electrocardiographic Criteria of Left 
Ventricular Hypertrophy 
Male Female 
I. RaVL + SVl > 35 mm I. RaVL + SVl > 25 mm 
2. Age < 40 years 2. Age < 40 years 
a) RaVL + SVl > 22 mm a) RaVL + SV1 > 12 mm 
b) Tv, ;" 0.0 mm b) Tv, ;" 0.0 mm 
3. Age > 40 years 3. Age > 40 years 
a) RaVL + SVl > 22 mm a) RaVL + SV1> 12 mm 
b) Tv, ;" 2.0 mm b) Tv, ;" 2.0 mm 
sex and age subsets (Table 2). For men, left ventricular 
hypertrophy is suggested by voltage alone when the sum of 
the R wave in lead a VL and the S wave in lead V:. exceeds 
35 mm. When this voltage exceeds only 22 mm, left ven-
tricular hypertrophy is suggested in men under 40 years 
when the T wave in lead V I has a positive amplitude 
(:2:0 mm), and in men 40 years or older when the T wave 
in lead V 1 is at least 2 mm. For women, left ventricular 
hypertrophy is suggested by voltage alone when the R wave 
in lead aVL and the S wave in lead V, exceeds 25 mm. 
When this voltage exceeds only 12 mm, left ventricular 
hypertrophy is suggested in women under 40 years when 
the T wave in lead VI has a positive amplitude (2:0 mm), 
and in women 40 years or older when the T wave in lead 
V 1 is at least 2 mm. Of note, the two lead voltage criteria 
for men and women differ by 10 mm (I m V) with identical 
age stratification and repolarization criteria. 
Using these new criteria, sensitivity for left ventricular 
hypertrophy increase to 53% with specificity remaining at 
an acceptable 89%. In addition, these criteria achieve a high 
overall accuracy (73%), as well as the highest positive pre-
dictive accuracy (80%) and negative predictive accuracy 
(70%). 
Performance of Standard and New 
Electrocardiographic Criteria in Test Series 
Standard criteria. Sokolow-Lyon precordial voltage 
criteria were much less sensitive in the second series (20%) 
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Figure 1. Relation between the number of cases of left ventricular 
hypertrophy predicted by electrocardiographic criteria (expected 
cases, on horizontal axis) and the actual number of cases of left 
ventricular hypertrophy demonstrated by echocardiogram (ob-
served cases, on vertical axis) in each decile of the test series 
(n = 129). The points representing the performance of the multiple 
logistic regression (solid line) fall along the line of identity (dashed 
line) whereas erratic variability of the performance of Sokolow-
Lyon voltage (dotted line) is observed. Furthermore, much better 
separation of the risk of left ventricular hypertrophy between high-
est and lowest deciles is achieved by the multiple logistic regression 
(11.3/13 or 87% versus 0.8/13 or 6%) than by Sokolow-Lyon 
voltage (8.8/13 or 68% versus 2.1/13 or 16%). 
although specificity was similar (93%) to that in the learning 
series. The Romhilt and Estes point score had similar sen-
sitivity (31 %) as in the first study but was less specific 
(83%). Both limb lead criteria (R I + S III > 25, and 
RaVL > II) were very specific for left ventricular hyper-
trophy (99%) but again had an unacceptably low sensitivity 
(6 and 10%, respectively). 
Evaluation of new criteria. Adding the R wave in lead 
a VL to the S wave in lead V:. and using a cutoff value of 
28 mm in men and 20 mm in women gave a sensitivity of 
41 % and specificity of 98%. Use of the criteria that incor-
porate the T wave in lead V 1 increases sensitivity to 49% 
with good specificity (93%) in the test series. 
Table 3. Multiple Logistic Regression for Electrocardiographic Detection of Left 
Ventricular Hypertrophy 
Logistic Standard Error of Standardized Significance 
Variable Coefficient Coefficient Relative Risk Probability 
Age 0.0024 0.0067 1.05 0.80 
Sex -0.3263 0.2424 1.18 0.20 
RaVL 0.1157 0.0366 1.49 (l.(ll 
SVl 0.0683 0.0146 1.85 0.001 
Tv, 0.2665 0.0712 1.70 0.001 
Tv; -0.0603 0.0627 1.14 0.50 
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Table 4. Detection of Left Ventricular Hypertrophy by Multiple Logistic Regression and 
Sokolow-Lyon Voltage 
Subjects 
New Criteria Sokolow-Lyon (I) 
Risk Decile at Risk Expected 
10 41 35.6 
9 42 29.9 
8 41 23.6 
7 42 20.3 
6 41 16.5 
5 41 13.2 
4 42 11.0 
3 41 8.5 
2 42 6.5 
41 4.1 
Multiple Logistic Regression Analysis (Table 3) 
Learning series. A multiple logistic regression analysis 
was performed in the learning series using age, sex and the 
electrocardiographic variables previously determined to have 
the strongest independent correlation with left ventricular 
mass (Sv" RaVL, Tv" and Tvo). The results reveal that the 
electrocardiographic variables of the R wave in lead aVL, 
the S wave in lead V 3 and the T wave in lead V I are the 
strongest predictors of the presence of left ventricular hy-
pertrophy. This finding concurs with the multivariate regres-
sion analysis done in the earlier part of the study. By using 
the logistic coefficients for each variable, the following ex-
ponent is generated for use in the multiple logistic regression 
equation to predict risk of left ventricular hypertrophy (LVH), 
as outlined in the Appendix: 
Exponent LVH == 0.0024 x Age - 0.3263 x Sex + 
0.1157 x RaVL + 0.0683 X SV3 + 0.2665 x 
Tv, - 0.0603 x T Vo - 1.542. 
As depicted in Table 4, use of this equation results in a 
ninefold increase in the prevalence of left ventricular hy-
pertrophy from the 1 st to the 10th risk decile in the learning 
series. In comparison, standard Sokolow-Lyon voltage cri-
teria show only a fourfold increase between the 1st and the 
10th decile. In addition, there is better agreement between 
expected and observed cases of left ventricular hypertrophy 
within each decile for the new criteria variables as compared 
with Sokolow-Lyon criteria. 
Test series. The logistic regression equation generated 
from the learning series was then applied prospectively to 
the test series (Fig. 1). The equation using the new criteria 
variables performed well, with good agreement between 
predicted and observed cases of left ventricular hypertrophy 
in each decile, and a l4-fold increase in the prevalence of 
left ventricular hypertrophy between the 1 st and the 10th 
decile. This performance is markedly superior to that of 
Sokolow-Lyon voltage. For comparison with the results of 
standard and new clinical electrocardiographic criteria, ap-
Observed Expected Observed 
34 29.8 34 
32 25.1 28 
20 21.0 18 
23 19.1 15 
19 16.4 II 
12 14.8 16 
10 13.6 13 
5 11.7 9 
II 10.1 13 
3 7.5 12 
plication of the multiple logistic regression equation to the 
test series resulted in sensitivity of 51 %, specificity of 90% 
and overall accuracy of 76% when a cutoff value of 0.28 
from the preceding equation was used (Table 5). This cutoff 
value, generated from the learning series and applied pro-
spectively to the test series, corresponds to a risk of left 
ventricular hypertrophy of 57%. 
The new criteria variables are also a better predictor of 
the degree of left ventricular hypertrophy for a given decile 
of risk (Fig. 2). The mean left ventricular mass index for 
each decile of risk shows better separation by the new cri-
teria variables as compared with Sokolow-Lyon criteria, 
which separate left ventricular mass index effectively only 
in the higher risk deciles. 
Finally, to evaluate the true specificity of the new cri-
teria, we compared predicted left ventricular hypertrophy 
by the electrocardiographic multiple logistic regression to 
the presence of echocardiographic left ventricular hypertro-
phy in the subgroup of 92 normal subjects. Excellent agree-
ment occurred between the 3.005 predicted and 3 observed 
instances of echocardiographic left ventricular hypertrophy, 
indicating a specificity of 97% in truly normal subjects. The 
risk of left ventricular hypertrophy was appreciable (1/9) 
only in the 10th decile. 
Discussion 
Performance of standard electrocardiographic crite-
ria. The sensitivity and specificity of four of the most 
commonly used and widely accepted standard criteria in our 
study are similar to those of many previous studies. Sokolow 
and Lyon (I) precordial voltage criterion and Romhilt and 
Estes (4) point score perform similarly in the learning series 
with sensitivities of 33 and 30% and specificities of 94 and 
93%, respectively. In the test series, however, the Sokolow-
Lyon criterion was more specific (93%) than the Romhilt-
Estes point score (83%) but less sensitive (20% as compared 
with 31%). 
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Table 5. Performance of Standard and New Electrocardiographic Criteria of Left Ventricular Hypertrophy 
Sensitivity Specificity Accuracy 
Predictive Accuracy (%) 
Criteria (%) (o/r) (%) Positive Negative 
Learning Series 
SVI + Rv, or Rvo > 35 33 94 67 80 64 
RE point score "'" 4 30 93 65 78 63 
RE point score "'" 5 19 96 61 77 60 
R, + S'" > 25 8 97 58 71 57 
RaVL> II 7 98 58 77 57 
RaVL + SVl > 28 in men and 41 90 68 77 66 
RaVL + SVl > 20 in women 
RaVL + SVl with T v, 53 89 73 80 70 
Test Series 
SVI + Rv, or Rvo > 35 20 
RE point score "'" 4 31 
R, + S'" > 25 6 
RaYL> II 10 
RaVL + SVl > 28 in men and 41 
RaVL + SVl > 20 in women 
RaVL + SVl with T v, 49 
Logistic regression equation"'" 0.28 51 
corresponding to risk"'" 0.57 
RE = Romhilt-Estes. 
The Romhilt-Estes point score in our population was less 
sensitive and specific than in their original work. Several 
factors may account for this. In both studies by Romhilt 
and Estes (4,5), an autopsy population was used. In the first 
autopsy study a high proportion of patients had severe val-
vular or hypertensive heart disease and thus probably had 
extreme left ventricular hypertrophy. In both series, many 
patients dying of noncardiac causes might be expected to 
have cachexia due to cancer or other diseases, and hence 
to have both low left ventricular mass and reduced electro-
cardiographic voltages (20,21). In addition, the population 
Figure 2. Relation between likelihood of left ventricular hyper-
trophy by decile of the learning and test series (horizontal axis) 
and mean left ventricular mass index (vertical axis) measured by 
echocardiography. 
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in our study was younger and encompassed patients with 
mild as well as severe heart disease. Furthermore, our def-
inition of left ventricular hypertrophy by use of the 98th 
percentile of normal left ventricular mass divided by body 
surface area takes into account body size, which has been 
shown previously to be an important determinant of normal 
cardiac muscle mass (22). These differences in methodol-
ogy, and especially the tendency to overrepresent patients 
with extreme left ventricular hypertrophy and cardiac ca-
chexia in autopsy series, may account for the lower sensi-
tivity and specificity that we found for the Romhilt-Estes 
point score in comparison with those reported in the two 
studies in which this method was introduced and validated. 
In the original study by Sokolow and Lyon (I), the pre-
cordial voltage criterion of the S wave in lead V I plus the 
larger of the R wave in lead V 5 or V (, greater than 35 mm 
had a sensitivity of 32% with a specificity of 100%. Their 
study popUlation consisted of very abnormal patients with 
left ventricular hypertrophy and very young normal subjects. 
This probably explains the higher specificity in the original 
study, although their sensitivity is strikingly similar to ours. 
Other investigators (5,23-25) have evaluated the perform-
ance of Sokolow-Lyon precordial voltage and have found 
results similar to those in our series. 
The criterion of Gubner and Ungerleider (3) of the R 
wave in lead I plus the S wave in lead III greater than 25 
mm was found to be very insensitive though quite specific, 
irrespective of the presence of left axis deviation. In their 
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original study, they evaluated only patients with left axis 
deviation and then classified them into groups of normal, 
mixed and abnormal left ventricular hypertrophy on the basis 
of blood pressure measurements. Their results were much 
better than in any subsequent study. 
Results similar to those yielded by Gubner and Unger-
leider's criterion were found for an R wave in lead aVL 
greater than 11 mm, which was very specifi,c but had an 
unacceptably low sensitivity in both our series. These results 
are similar to those in several previous studies (5,6). 
Electrocardiographic voltage differences in men and 
women. A significant difference in QRS voltage between 
men and women has been shown in previous studies (26,27). 
Among the clinically normal patients in our study, several 
leads were shown to differ significantly between men and 
women; the S wave in lead V 3 differed most significantly 
(p < 0.001). The most likely explanation is that this is 
simply a reflection of the smaller left ventricular mass in 
women since the S wave in lead V 3 most directly measures 
posteriorly directed QRS forces. Breast and adipose tissue 
may also cause the electrode to be farther from the heart, 
additionally damping surface lead voltage. Although this 
might be considered a potential artifact which would limit 
the utility of the S wave in lead V 3 as an index of left 
ventricular hypertrophy, it is striking that this voltage showed 
the closest relation with left ventricular mass in both men 
and women in our two independent series. Furthermore, a 
close correlation (r = 0.55, P < 0.001) was also observed 
between the S wave in lead V3 and left ventricular mass in 
a previous study of 100 subjects (7). 
Development of new electrocardiographic criteria for 
left ventricular hypertrophy. Because the R wave in lead 
a VL and the S wave in lead V 3 correlated best with left 
ventricular mass index, the sum of these voltages was as-
sessed to develop an improved criterion for left ventricular 
hypertrophy. Use of separate cutoff values for men (greater 
than 28 mm) and women (greater than 20 mm), based on 
our analysis of sex differences in normal voltages, resulted 
in a criterion that performed better (sensitivity of 41 % and 
specificity of 90%) than any of the standard criteria. Fur-
thermore, performance of this criterion improved in the test 
series, with similar sensitivity (41 %) and extremely high 
specificity (98%). 
Significant correlation of T wave amplitude in lead VI 
with left ventricular mass index is consistent with previous 
studies that have shown repolarization abnormalities to be 
related to both the presence and severity of left ventricular 
hypertrophy (9,25,28,29). Combined voltage and repolar-
ization criteria were found to increase sensitivity to 53% 
with specificity remaining at an acceptable 89% in the learn-
ing series. These combined age- and sex-stratified criteria 
were prospectively tested: sensitivity of 49% for left ven-
tricular hypertrophy remained higher than that of alternative 
criteria, and specificity remained high at 93%. 
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Our proposed criteria are logically related to vector-
cardiographic abnormalities induced by left ventricular hy-
pertrophy. As left ventricular hypertrophy develops, elec-
trical forces become more posteriorly oriented (29), and the 
S wave in lead V 3 may be the most representative voltage 
for evaluating posterior forces. In addition, it has been shown 
that with increasing left ventricular hypertrophy the heart 
tends to become oriented more horizontally (29,30), which 
may explain the R wave in a VL as an important predictor 
of left ventricular hypertrophy. Finally, many studies have 
found repolarization abnormalities to be common in patients 
with left ventricular hypertrophy (4,5,9,28-31). By com-
bining these voltages with repolarization criteria, specificity 
is maintained at an acceptable level while better sensitivity 
is achieved, as suggested by other recent reports (32,33). 
Multiple logistic regression analysis of clinical and 
electrocardiographic variables. Multiple logistic regres-
sion analysis provides a quantitative method for assessing 
the predictive strength of each variable in a group of inter-
related risk factors. This technique utilizes relevant variables 
to generate a regression equation to p(edict risk of an out-
come event or of a clinical abnormality. Multiple logistic 
regression has been used in other investigative work (34,35), 
and has been found to perform better than classic discrim-
inant analysis by at least one investigator (36). 
Standard regression analysis in the learning series re-
sulted in two clinical variables (age and sex) and several 
electrocardiographic variables (Ra VL, Sv" TvI' Tv 6) having 
significant correlation with left ventricular mass index. The 
risk analysis (Table 2) supports this conclusion, that the R 
wave in lead aVL, the S wave in lead V3 and the T wave 
in lead V I were most predictive of the presence of left 
ventricular hypertrophy. 
The equation generated by the multiple logistic regres-
sion analysis to predict the presence of left ventricular hy-
pertrophy is a significant improvement from previous cri-
teria. There were 9- to 12-fold differences in the predicted 
prevalence of left ventricular hypertrophy between risk de-
ciles based on electrocardiographic and clinical findings in 
both the learning and test series, and even better separation 
with regard to observed echocardiographic left ventricular 
hypertrophy. The improved detection of electrocardio-
graphic left ventricular hypertrophy we observed compared 
with standard criteria contrasts with the lack of any benefit 
in this regard from use of commercially available computer 
electrocardiographic interpretation systems (37,38). With 
more electrocardiograms being read by computer, it may be 
possible to incorporate the logistic regression equation into 
formulas for recognition of electrocardiographic left ven-
tricular hypertrophy. 
In our group of 92 normal subjects only the decile at 
highest risk by multiple logistic regression showed a sig-
nificant likelihood of left ventricular hypertrophy. Thus our 
new criteria perform well not only for predicting left ven-
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tricular hypertrophy in groups at higher risk but also ac-
curately assess risk of left ventricular hypertrophy (approx-
imately 3%) among a clinically normal population. This 
would correspond to the risk one would expect in the general 
population. 
Comparison of multiple logistic regression analysis to 
physician interpretation. In a recent study (38) we found 
blinded electrocardiographic interpretation by experienced 
cardiologists to be superior to standard electrocardiographic 
criteria for prediction of left ventricular hypertrophy. We 
have utilized the same study population of 148 patients to 
determine whether the multiple logistic regression reported 
in this study employs all the electrocardiographic infor-
mation used by clinicians to reach a "gestalt" diagnosis of 
left ventricular hypertrophy. Identical correlation was found 
between left ventricular mass and physician score or logistic 
regression (r = 0.70 for both, p < 0.001). Stepwise linear 
regression analysis revealed that, independently of the cor-
relation between left ventricular mass and the logistic regres-
sion, physician score correlated significantly with left ven-
tricular mass (r = 0.36, P < 0.001). P wave terminal force 
in lead V, also had a significant independent correlation 
with left ventricular mass (r = 0.33, P < 0.001), whereas 
QRS duration and intrinsicoiq deflection added no indepen-
dent information. After entering P terminal force in lead V, 
into the stepwise analysis, a correlation of left ventricular 
mass with physician score re)llained (r = 0.35, P < 0.001), 
and when physician score was entered the overall correlation 
coefficient (r) reached 0.80 (p < 0.001). These data suggest 
that P terminal force in lead V, provides independent 
electrocardiographic information about left ventricular hy-
pertrophy and that there are additional data in the electro-
cardiogram, utilized by physicians to detect left ventricular 
hypertrophy, which are not yet incorporated in our improved 
electrocardiographic criteria of left ventricular hypertrophy. 
Implications for clinical interpretation of the ~Iectro­
cardiogram. The method employed in this study of de-
veloping a new criterion in one population and testing it 
prospectively in another has been used only once before (by 
Romhilt and coworkers [4,5]) in studies concerning electro-
cardiographic methods of detecting left ventricular hyper-
trophy. Several aspects of the present study' s desi~n en-
hance the applicability of its findings to clinical 
electrocardiographic interpretation. First, the study popu-
lation encompassed a wide spectrum of inpatients and out-
patients seen in primary, secondary and tertiary care settings 
at a large urban medical center. Subjects were not prese-
lected according to the presence or absence of specific forms 
of heart disease. Second, echocardiography, previously proven 
to be an accurate method for measurement of left ventricular 
mass (8,24,39,40), was employed as our reference standard. 
Use of this noninvasive method allowed us to study a rep-
resentative group of normal subjects and patients with heart 
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disease who reflect all degrees of left ventricular hypertrophy. 
In addition, the definition of left ventricular hypertrophy 
used in this study was derived from analysis of both clin-
ically normal subjects and a sample of the general adult 
population. Establishment of sex-specific limits of normal 
left ventricular mass index improved detection of left ven-
tricular hypertrophy modestly (13) compared with the single 
cutoff value used previously (7,9, II). Finally, no attempt 
was made in this study to exclude borderline left ventricular 
hypertrophy from analyses of electrocardiographic findings 
in patients with left ventricular hypertrophy, because the 
best test of the applicability of an electrocardiographic cri-
terion is its performance for all degrees of left ventricular 
hypertrophy. 
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Appendix 
The logistic regression model is formulated so that the prob-
ability of an event occurring is designated as either zero or 
one; in this case the event is the risk of left ventricular 
hypertrophy. The value of the risk for each individual is 
represented by R in the following equation: 
R = 1/(1 + e-(Bo+B l . Xl' + BkXk)), 
where Bo, B, . . . Bk are the logistic coefficients which 
are estimated from the data that measure levels for k risk 
factors (X" X2 ••• Xk) for each patient. The logistic coef-
ficients are estimated by the method of maximal likelihood. 
To examine changes of risk with varying levels of one 
variable at fixed levt;ls of the other variables one can first 
linearize the equation to: 
In RIO - R) = Bo + B, X, ... + BkXk. 
In this model, the quantity In R/( I - R) is called the' 'logiC' 
of the risk and is the mathematical transformation of risk. 
By thinking in terms of logit of risk it is possible to interpret 
the logistic coefficients (B" B2 , .•• Bk ). They measure the 
change in logit of risk per unit change in the respective risk 
factors. A problem exists in comparing logistic coefficients 
when some variables are continuous and others qualitative. 
One can approach this problem by using "standardized" 
relative risk. This is calculated by taking the exponential 
after multiplying the standard deviation of the variable by 
the logistic coefficient. These "standardized" relative risks 
may be used to indicate strong or weak associations and are 
not absolute. They give an indication of the relative im-
portance of various risk factors. 
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